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Transcranial electrical stimulation (TES) has been considered a promising tool for improving working memory (WM) performance. Recent studies have demonstrated modulation of networks underpinning WM processing through application of transcranial alternating current (TACS) as well as direct current (TDCS) stimulation. Differences between study designs have limited direct comparison of the efficacy of these approaches, however. Here we directly compared the effects of theta TACS (6 Hz) and anodal TDCS on WM, applying TACS to the frontal-parietal loop and TDCS to the dorsolateral prefrontal cortex (DLPFC). WM was evaluated using a visual 2-back WM task. A within-subject, crossover design was applied (N = 30) in three separate sessions. TACS, TDCS, and sham stimulation were administered in a counterbalanced order, and the WM task was performed before, during, and after stimulation. Neither reaction times for hits (RT-hit) nor accuracy differed according to stimulation type with this study design. A marked practice effect was noted, however, with improvement in RT-hit irrespective of stimulation type, which peaked at the end of the second session. Pre-stimulation RT-hits in session three returned to the level observed pre-stimulation in session two, irrespective of stimulation type. The participants who received sham stimulation in session one and had therefore improved their performance due to practice alone, had thus reached a plateau by session two, enabling us to pool RT-hits from sessions two and three for these participants. The pooling allowed implementation of a within-subject crossover study design, with a direct comparison of the effects of TACS and TDCS in a subgroup of participants (N = 10), each of whom received both stimulation types, in a counterbalanced order, with pre-stimulation performance the same for both sessions. TACS resulted in a greater improvement in RT-hits than TDCS (F(2,18) = 4.31 p = 0.03). Our findings suggest that future work optimizing the application of TACS has the potential to facilitate WM performance.
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INTRODUCTION

The use of transcranial electrical stimulation (TES) to manipulate cognitive function is a rapidly growing area of investigation, with applications ranging from modification of learning processes in healthy participants to treatment of neurological and psychiatric disease (Coffman et al., 2014; Prehn-Kristensen et al., 2014; Tortella et al., 2015; Breitling et al., 2016; Dagan et al., 2018). Given the low cost and ease of use, it has the potential for wide application, both in enhancing cognitive processes in healthy participants as well as in improving cognitive function in disease. Two widely used TES-techniques are alternating (TACS) and direct current (TDCS). Common practice is to choose one of these methods and compare behavioral outcome measures in response to active versus sham or anodal versus cathodal stimulation. The mechanisms of action of TACS and TDCS are indeed likely to differ substantially, so that their further development will require separate approaches. Our aim was to make a direct comparison between the effects of TACS and TDCS in healthy participants, matching the parameters of the methods as closely as possible, given their fundamental differences, in a within-subject, crossover design. We investigated working memory (WM) function for two reasons. Firstly, WM is crucial to daily life, so that its enhancement has potentially wide application. Second, both TACS and TDCS have been shown to have an impact on WM. While TDCS has thus far received more attention (review: Polanía et al., 2018), TACS offers the potential advantage of providing a direct modulation of ongoing brain oscillatory activity known to underpin the relevant cognitive processing (Polanía et al., 2012; Herrmann et al., 2013; Jausovec and Jausovec, 2014).

Transcranial direct current is considered to alter the neuronal firing threshold through up- or down-regulation of neuronal resting membrane potentials, with anodal TDCS increasing excitability of the underlying cortex (Creutzfeldt et al., 1962; Bindman et al., 1964). Anodal TDCS has been shown to enhance WM performance (Fregni et al., 2005; Ohn et al., 2008; Andrews et al., 2011; Zaehle et al., 2011), but the results are mixed, and include both negative findings as well as small changes in WM performance (Brunoni et al., 2011; Hill et al., 2016; Mancuso et al., 2016). It has been suggested that the lack of reproducibility of some positive findings is the result of wide variation in study parameters (Kim et al., 2014; López-Alonso et al., 2014; Wiethoff et al., 2014; Polanía et al., 2018).

The sinusoidal current applied using TACS means that the net membrane potential is unaltered. The mechanism of action of TACS is therefore likely to be based on entrainment of ongoing cortical activity rather than local alterations in cortical excitability (Antal and Herrmann, 2016). A potential advantage of TACS is that the stimulation frequency is chosen on a physiological basis, with the aim of modulating known, task-relevant physiological processes. The choice of stimulation frequency is dependent on the specific task under investigation, as demonstrated in a series of studies comparing the effects of TACS using different stimulation frequencies. Beta-TACS specifically resulted in enhanced short-term memory capacity (Feurra et al., 2016) and increased voluntary risky decision making (Yaple et al., 2017), while fluid intelligence was enhanced using gamma-TACS (Santarnecchi et al., 2013). Neurophysiological evidence suggests that WM, which involves the processing, storage, and manipulation of incoming verbal and visual information (Baddeley and Hitch, 1974), is driven by frontal-parietal networks oscillating in the theta (4–8 Hz) frequency range (Sarnthein et al., 1998; Prabhakaran et al., 2000; Palva et al., 2010; Sweeney-Reed et al., 2012, 2014). Direct manipulation of this activity using TACS is therefore a hypothesis-driven intervention, and indeed applying TACS in the theta frequency range has yielded promising results, including improvement in WM capacity, reaction times (RT), and accuracy (Polanía et al., 2012; Jausovec and Jausovec, 2014; Jausovec et al., 2014; Meiron and Lavidor, 2014; Violante et al., 2017). We therefore applied TACS at 6 Hz, in the middle of the theta range (Polanía et al., 2012; Violante et al., 2017).

While both TACS and TDCS have yielded improvements in WM performance, the variation in study designs, parameters, and participant groups limits a direct comparison between these approaches based on the literature. Here we directly compared the effects of TACS and TDCS on WM performance, in which the experimental conditions were as similar as possible. We applied TACS in the theta-frequency range (6 Hz) to the frontal-parietal network, stimulating left F3 and P3, in accordance with a study design in which TACS positively influenced WM (Polanía et al., 2012), and targeted the left dorsolateral prefrontal cortex (DLPFC) with TDCS over F3, also based on previous improved WM performance (Zaehle et al., 2011).

We compared WM processing using a visual 2-back task for three reasons. Firstly, the paradigm is well-established in the literature. The common application of the n-back test in TES studies of WM has importantly allowed comparison between studies on review and meta-analysis (Brunoni and Vanderhasselt, 2014; Hill et al., 2016; Mancuso et al., 2016). Second, it is deemed to activate both DLPFC and parietal cortex (Owen et al., 2005) and should thus engage the stimulated brain regions. Third, studies applying theta-TACS (Jausovec et al., 2014; Meiron and Lavidor, 2014; Violante et al., 2017) and studies using anodal TDCS (Fregni et al., 2005; Zaehle et al., 2011) have reported enhancement of WM performance using an n-back task. Although the WM task differed in the study by (Polanía et al., 2012), it similarly involved retention in WM of items from a series.

MATERIALS AND METHODS

Participants

Thirty healthy adults aged 20 – 32 years [M (SD) = 26.2 (± 3.0); N (female) = 30 (15)] were recruited via the study participant register of the Leibniz Institute for Neurobiology, Magdeburg (LIN) and public notice. All participants were right-handed, had received no TES prior to this study, and had no history of neurological or psychiatric disorder or of drug abuse. We adhered to well-established safety guidelines (Nitsche et al., 2008). All participants underwent the KAI short-form intelligence test (Lehrl et al., 1992) to ensure an IQ over 85 [M(SD) = 120.8 ( ± 11.5)]. There was no difference in age, gender, or IQ between the groups receiving stimulation type in a particular order. To address the potential influence of circadian rhythms on performance, each participant received stimulation and testing at the same time of day in all three sessions. The appointment times did not differ significantly between stimulation types [one-way repeated measures ANOVA: F(2,58) = 2.33 p = 0.11]. We concluded that the impact of circadian rhythm on performance was balanced over the three stimulation types. The compensation was 8 Euro per hour. At the beginning of the study, participants received verbal and written information about the procedure, including potential side-effects, and all provided written consent. Our study was approved by the ethics committee of the Medical Faculty of the Otto-von-Guericke University, Magdeburg, following the ethical standards of the Helsinki Declaration.

Study Design and Task

Each participant underwent three sessions, in which TACS, anodal TDCS, or sham stimulation was applied. Because 7 days between sessions is considered adequate to eliminate potential carry-over effects of stimulation (Andrews et al., 2011), each participant received three appointments on the same weekday for three consecutive weeks. The sequence of stimulation types was counterbalanced pseudo-randomly at the beginning of the study, and gender was balanced between the groups receiving stimulation in each particular order. The study was single-blinded (for blinding conditions, see section “Transcranial Electrical Stimulation”). During each session, participants performed a visual 2-back letter task three times for 10 min (pre-, during, and post-stimulation). The stimulation duration was 15 min. Each letter was presented for 300 ms, followed by a fixation cross (1300 ms) (Figure 1). The participants were instructed to respond as quickly and accurately as possible as to whether the letter shown matched the letter shown two letters previously. Responses were given via button press using the left or right index finger (counter-balanced across participants). In 10 min, 300 letters (A–E) were presented, 75 of which were targets. The task was performed using Presentation Software (Version 18.2 Build 02.18.16) and shown on a 24 inch screen. Letters were 1.5 cm tall (white) on a black background. A distance of 0.85 m resulted in a visual angle of 1.001°.
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FIGURE 1. (A) Electrode placement. (B) 2-back working memory task. (C) Procedure during one session.



Transcranial Electrical Stimulation

Transcranial electrical stimulation was applied using a battery driven DC-stimulator (NeuroConn, DC-Stimulator Plus serial 2049 Version 4.3.00.17). Rubber electrodes (5 cm × 7 cm) were placed under an EEG cap with electrode locations marked according to the international 10–20 system to achieve correct stimulation electrode placement. Electrodes were covered with saline soaked sponges (0.9% saline solution) to improve conduction and avoid skin irritation (Dundas et al., 2007). Stimulation intensity was 1 mA for all stimulation types. To achieve participant blinding to the stimulation condition, the same electrode placement was used for all sessions: the active electrodes were positioned over electrode sites F3 and P3 (Figure 1), and the reference electrode was placed in an extracephalic location, at the top of the left shoulder, to avoid shunting of the current and potential confounding effects of cathodal stimulation at another cephalic site (Creutzfeldt et al., 1962; Bindman et al., 1964; Stagg and Nitsche, 2011). TACS was applied by splitting the stimulation electrodes in two, leading to 500 μA intensity under F3 and P3 (current density 14.28 μA/cm2). The frequency was set to 6 Hz and with 0° phase difference (in-phase), in accordance with the protocol applied by Polanía et al. (2012). When TDCS was applied, only the electrode placed at F3 was connected to the stimulation device to provide anodal stimulation (1 mA intensity, with density of 28.57 μA/cm2 under F3), following the protocol applied by Zaehle et al. (2011). The device was placed behind the participant so that it was impossible to see which electrode cable was plugged into the stimulator. One minute of TDCS was applied in the sham condition to ensure participant blinding to stimulation condition, because skin side-effects to TES are generally only noted by participants in the first minute of stimulation. To minimize skin sensation for all three stimulation types, current intensity was ramped up at the beginning and ramped down at the end for 15 s. The impedance under each electrode was maintained under 20 kΩ.

Statistics

For each item, the participant’s first response was taken. To evaluate WM performance, RTs were analyzed for hits (RT-hit), which is the most commonly reported measure with which to evaluate performance in the n-back task (Zaehle et al., 2011; Violante et al., 2017). We also calculated d-prime (d′) for each 2-back letter task. The d′ is a well-established measure to quantify WM performance and assess whether it has changed over time (Haatveit et al., 2010). The d′ value is based on subtracting the false-alarm-rate from the hit-rate, thus providing a reliable measure of the participant’s ability to discriminate between items. Hits indicates correct responses, while false alarm items are the letters to which the participant incorrectly answered that the letter had been shown two items previously. We chose to evaluate d′ rather than a percentage score for hits, because a participant who simply responded that a letter had been seen two items before every time would achieve a 100% hit rate, which would not reflect an ability to discriminate between the items.

Because d′ and RTs measure different aspects of performance in a 2-back task, we considered combining these measures, using the inverse efficiency score (IES) (Townsend and Ashby, 1978; Bruyer and Brysbaert, 2011). Certain conditions must be fulfilled for the IES to be applied. The accuracy should exceed 90% (Bruyer and Brysbaert, 2011; Isella et al., 2015), and there should be a high, linear correlation between the percentage of errors and the RTs to correct responses. The percentage of errors did not correlate with the RTs for correct responses for any of the stimulation types (Pearson’s correlation: TACS: r = -0.29, p = 0.112; TDCS: r = -0.17, p = 0.37; sham: r = -0.28, p = 0.14). Moreover, the accuracy rates did not exceed 90% (TACS: 85%; TDCS = 85%; sham = 84%). The conditions for the application of the IES were thus not fulfilled (Townsend and Ashby, 1978; Bruyer and Brysbaert, 2011; Isella et al., 2015).

Pre-stimulation performance for all sessions, quantified using RT-hits and d′, was compared between stimulation types using one-way ANOVAs with the within-subject factor of stimulation type (TACS, TDCS, sham stimulation). The pre-stimulation baseline did not differ according to stimulation type [RT-hits: F (2,58) = 0.12, p = 0.88; d′: F(2,58) = 0.24, p = 0.79].

Firstly, a two-way repeated measures ANOVA was conducted for RT-hits, with the within-subject factors of stimulation type (TACS vs. TDCS vs. sham) and assessment time (pre- vs. during vs. post-stimulation) (N = 30; within-subject crossover design). Second, a one-way repeated measures ANOVA with the factor time (nine levels: pre-, during, and post-stimulation each of the three sessions) was calculated to examine changes in RT-hits over the course of the whole study to reveal potential learning effects (Breitling et al., 2016). These ANOVAs were also calculated for accuracy (d′).

A within-subject, crossover design was used. However, a pronounced practice effect was found in the first session, irrespective of stimulation type, that masked any performance changes related to the applied stimulation condition (i.e., TACS, TDCS, and sham). Because the practice-related improvement reached a plateau after the second stimulation session, we performed a subgroup analysis including only the participants that had received sham stimulation in the first session. This approach allowed analysis of the differential effect of TACS and TDCS on task-performance without being confounded by learning effects. A two-way repeated measures ANOVA was then conducted for RT-hits with the within-subject factors of stimulation type (TACS vs. TDCS) and assessment time (pre- vs. during vs. post-stimulation). A separate ANOVA was calculated for accuracy. Mauchly′s test of sphericity was applied, and violations were corrected using the Greenhouse-Geisser method.

Outliers were identified by applying a RT and d′ threshold two standard deviations above or below the mean value across all participants. All initial ANOVAs were calculated with and without outliers, and the outcomes were the same. We considered exclusion of the outliers in further analyses, but in the absence of an independent measure by which they could be defined as differing from a normal study population, we chose to retain them for all subsequent analyses. Our primary aim was indeed to compare the effects of TACS with TDCS for application in a healthy population, and retaining the full data set provides a more robust evaluation than selecting cases.

Statistical analysis was performed using IBM SPSS (Version 24) software and in-house Matlab scripts (Mathworks, Version R2015b).

RESULTS

Reaction Times

The two-way repeated measures ANOVA did not reveal a significant interaction between stimulation type and assessment time [F(4,74) = 0.53, p = 0.71] (Figure 2B). A simple main effect of assessment time was identified, however [F(1.54,29.24) = 12.91, p < 0.005, Greenhouse-Geisser corrected: 𝜀 = 0.77], indicating a significant effect of practice, independent of stimulation type.
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FIGURE 2. Behavioral performance measured before, during, and after stimulation for each stimulation type. (A) Mean accuracy reflected in d′ values. (B) Mean reaction times for hits. Error bars represent one standard error of the mean.



The change in RT-hits over all experimental sessions was examined by calculating a one-way repeated measures ANOVA [F(2.67,778.17) = 14.11; p < 0.005; Greenhouse-Geisser corrected: 𝜀 = 0.34]. Maximal improvement was identified at the end of the second session (Figure 3). The pre-stimulation performance level in session three then returned to the same level as the pre-stimulation performance in session two (p = 1.0) (Figure 4). As a result, sessions two and three could be regarded as providing a measure of individual performance in the absence of a practice effect. We therefore performed a subgroup analysis based on the performance of participants who received sham stimulation in the first session (N = 10). Selecting this subgroup meant that the participants had reached the limits of the benefits of practice, and further effects resulting from stimulation type (TACS vs. TDCS) could be directly compared. Applying a two-way repeated measures ANOVA revealed a two-way interaction between stimulation and time [F(2,18) = 4.31; p = 0.03].
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FIGURE 3. Mean reaction times for hits before, during, and after stimulation at each assessment time for each stimulation type.
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FIGURE 4. Mean reaction times for hits prior to stimulation separately demonstrated for the three sessions. Error bars represent one standard error of the mean.



Post hoc tests were performed using one-way repeated measures ANOVAs. To investigate a simple main effect of stimulation type at each time point (before, during, and after stimulation), we conducted three one-way repeated measures ANOVAs with the within-subject factor stimulation type (TDCS, TACS) for the time points pre [F(1,9) = 0.007; p = 0.94], during [F(1,9) = 0.55; p = 0.48] and after stimulation [F(1,9) = 5.04; p = 0.051].

To evaluate the simple main effect of assessment time (before, during, and after stimulation) for each stimulation type separately, two one-way repeated measure ANOVAs with the within-subject factor time (pre, during, and post) were calculated. TDCS resulted in no such main effect of time [F(2,18) = 0.55; p = 0.059], whereas TACS did show a main effect of time F(2,18) = 6.29; p = 0.008].

Pairwise post hoc t-tests comparing all time points in the TACS condition revealed a significant difference between pre- and post-stimulation RTs [t(9) = 3.39; p = 0.008] (Figure 5), whereas the differences between pre- and during stimulation [t(9) = 2.05; p = 0.07] and during and post-stimulation RTs [t(9) = 1.50; p = 0.17] were not significant.
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FIGURE 5. Reaction times for hits for sessions two and three pooled together for TACS and TDCS, in a within-subject crossover design (N = 10). ∗ = p < 0.05. Error bars represent one standard error of the mean.



We additionally examined the intra- and inter-individual differences in RT-hits following TACS and TDCS in the participants who received sham stimulation in the first session. In 7 of 10 participants, a greater RT improvement was seen following TACS than TDCS (Figure 6).
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FIGURE 6. Individual post-stimulation reaction times for hits, comparing stimulation type for participants receiving sham-stimulation in the first session (N = 10). Error bars represent one standard error of the mean.



Accuracy

We analyzed changes in the d′ analogously to the RTs. A two-way repeated measures ANOVA showed a main effect only of time [F(2,58) = 24.71, p < 0.005] but no interaction of time and stimulation type [F(2.98,86.54) = 0.56, p = 0.64, Greenhouse-Geisser corrected: 𝜀 = 0.75] (Figure 2A). During a session, accuracy improved, but there was no association with stimulation type. A practice effect was observed using a one-way repeated measures ANOVA [F(2.17,62,87) = 15.31, p < 0.005, Greenhouse-Geisser corrected: 𝜀 = 0.27]. Post hoc tests showed significant improvement only during the first session. Based on the result of the ANOVA, we also analyzed the second and third sessions pooled for participants receiving sham stimulation in the first session (N = 10), analogously to the RT analysis. No interaction between stimulation group and time was observed [F(2,18) = 0.93, p = 0.41], and no main effect of stimulation group or time was seen.

We note that participants were not able to distinguish between stimulation type, indicating successful blinding.

DISCUSSION

Despite rapidly growing interest in applying TES to modulate cognitive function, reports in the literature are mixed, and further work is required to identify the most promising lines for future development. We investigated whether there is a difference in modulation of WM performance using theta TACS compared with anodal TDCS. We evaluated the impact on WM using the visual 2-back test, because behavioral measures of performance using this paradigm are well-established, and TES has been reported to influence these measures. However, the extent of the improvement in RT-hits over time under all three stimulation conditions (TACS, TDCS, and sham stimulation) outweighed any effects of TES, rendering the original within-subject crossover study design unsuitable for our purposes. Detailed exploration of the changes in RTs over the course of the entire study, however, revealed the evolution of differential effects of TACS and TDCS when we controlled for learning effects. Performing the task three times in the first session, in the absence of stimulation (i.e., taking the group that started with the sham condition), meant that the participants had learned to carry out the task, with an improvement in performance resulting from practice independently of stimulation. The pre-stimulation RT-hits across all participants in session three returned to the level observed pre-stimulation in session two (Figure 4). This return to baseline performance levels permitted pooling of the TACS and TDCS findings for these two sessions, which allowed restoration of a within-subject design, in which the order of TACS and TDCS was counterbalanced across the participants. This approach provided the opportunity to analyze stimulation effects independently of the practice effect. The offline effect of TACS stimulation (comparing pre- and post-stimulation RTs) revealed a significant improvement in performance, which was not observed in the TDCS condition.

We also identified a practice effect with respect to accuracy over the course of the entire study. Accuracy increased steadily until the end of session three, but only improvements made during the first session were significant. We note that our finding that only RTs were influenced by TES is in accord with previous reports (Zaehle et al., 2011; Polanía et al., 2012). A ceiling effect is plausible, however, given evidence that a 2-back WM task involves a low WM load. On the other hand, our participants reported finding the 2-back task demanding. While we did not formally examine the subjective experience of the participants, mean accuracy levels were measured at a d′ of 2.42 (maximum possible d′ score was 5.33), which suggests that performance improvement was theoretically possible, supporting the use of our paradigm. Moreover, although our participants appeared to reach a ceiling in performance following practice, applying TES enabled a further improvement, consistent with the literature in which performance in the 2-back task improved in response to TES (Zaehle et al., 2011; Jausovec et al., 2014; Meiron and Lavidor, 2014; Violante et al., 2017). Although greater effects with a higher memory load cannot be excluded, we nonetheless observed a significantly greater improvement in performance after TACS than TDCS. Of additional note is that greater performance enhancement by TDCS was seen on a spatial WM task with greater memory load (Wu et al., 2014), while TACS led to improved performance on the 2-back test but not on the 3-back test (Jausovec et al., 2014). Future studies could address this issue by varying the WM load.

The subgroup analysis is an important feature in our study. As far as we are aware, this study is the first in which a direct comparison was made between the impact of TACS and TDCS on WM performance. Accordingly, we compared the effects of two methods that are both expected to enhance WM performance. In order to detect the differential effects of TACS and TDCS, it was necessary to evaluate performance after participants had already made the substantial improvements in performance due to practice alone. Importantly, pre-stimulation performance in sessions 2 and 3 did not differ significantly according to stimulation type (Figure 4).

We note that the improvement in accuracy over time was variable across participants, and the groups were counterbalanced for gender, age, and IQ. We speculate that the difference is likely to be due to the different strategies developed by different individuals. In the current study, some participants reported a strategy in which they repeated the sequence subvocally, while other participants used a more visually based strategy. With reference to the phonological loop proposed in the Baddeley WM component model, a word or a letter is maintained when a grapheme is translated to a phoneme (Baddeley, 2003). Future work could include a post-study questionnaire regarding strategy development.

Several potential explanations could account for the small WM improvement observed here compared with that reported elsewhere. First is our young, healthy participant group. Previous studies have suggested that participants with lower WM capacity, due to advanced age or cerebral pathology, tend to show greater performance improvement with stimulation (Tseng et al., 2012; Hsu et al., 2014). We chose a young, healthy participant group, however, because our aim was to compare the methods directly, without confounding factors. Our cohort can be seen as “high performing” based on the mean IQ of 120.8, potentially explaining the small improvement with stimulation, although we note that performance did not reach a ceiling effect, meaning our analysis could nonetheless be performed. We also note that the current density using TACS applied here was smaller than that used in the study by Polanía et al. (2012), in which electrode size was 5 cm × 5 cm and current density was 20 μA/cm2. Although it is well-known that current density positively correlates with cognitive improvement (Iyer et al., 2005; Nitsche et al., 2008), we chose to employ 7 cm × 5 cm electrodes rather than 5 cm × 5 cm electrodes for two reasons. Firstly, 7 cm × 5 cm is the most commonly used electrode size in the literature (Rostami et al., 2013), and our intention was to apply standard parameters. Second, given that stimulation was applied three times to each participant, the lower current density reduced the probability of side-effects due to skin heating (Nitsche and Paulus, 2000; Nitsche et al., 2008).

Our aim was to match the study parameters for application of TACS and TDCS as closely as possible given the constraint of the fundamental differences between the approaches. The experimental paradigms were identical, and the participants were well-matched for the between-subject comparisons. Matching the current intensity was not possible, however. We had the choice either to apply 1 mA in total for both stimulation types, entailing splitting the 1 mA to 0.5 mA to F3 and 0.5 mA to P3 for TACS, or to apply 1 mA to F3 and 1 mA to P3. The latter would mean doubling the total current intensity applied in the TACS condition. We chose to deliver the same current density in both stimulation conditions, which meant splitting 1 mA across two electrode sites for TACS. It is therefore particularly noteworthy that the greater impact on WM performance was achieved using TACS.

The effects of TES could potentially be increased. The stimulation could be made more focal. Approaches that have been proposed include using a larger return (cathode) electrode (Nitsche et al., 2008), or high definition stimulation could be used (Dmochowski et al., 2011). We also note that individual variation has been observed in the precise frequency of brain oscillations in individuals (Klimesch, 1999; Sweeney-Reed and Nasuto, 2009), and establishing the optimal frequency for TACS for each participant has the potential to provide stronger enhancement of WM performance.

A possible approach to overcoming the issue of the marked effect of practice on task performance, irrespective of the stimulation type used, would be to employ a different WM task for off-line WM performance assessment to the one employed on-line (Andrews et al., 2011). This approach would carry the assumption, however, that the effect of stimulation is a global effect on WM performance, rather than being task-specific, such that a negative effect would have been difficult to interpret.

Alternative study designs could be applied. For example, on-line stimulation effects between groups could be compared, in a between-subject design, with no prior exposure to the 2-back task, including no pre-stimulation task performance. This approach would have resulted in a steep learning curve in all groups, however, rendering such an investigation more suited to an evaluation of learning processes as participants became more proficient in the task than an assessment of WM capacity.

Future studies could also investigate the impact of TACS using different stimulation frequencies. Existing evidence supports the notion that the optimal stimulation frequency is task-specific, with theta-TACS improving WM (Polanía et al., 2012; Jausovec et al., 2014; Meiron and Lavidor, 2014; Violante et al., 2017), beta-TACS increasing short-term memory capacity (Feurra et al., 2016) and also voluntary risky decision making (Yaple et al., 2017), and gamma-TACS enhancing fluid intelligence (Santarnecchi et al., 2013). A recent study comparing theta- and gamma-TACS during an n-back task detected no change in performance following gamma-TACS but a change, albeit inconsistent, following theta-TACS (Pahor and Jausovec, 2018). Gamma (>30 Hz) activity has been associated with local information processing (Jensen et al., 2007), and coupling between theta oscillations and gamma activity has been observed in multiple brain regions during memory processing (Canolty et al., 2006; Axmacher et al., 2010; Sweeney-Reed et al., 2014). TACS applied at low and high frequencies has recently been shown to have a differential effect on cross-frequency coupling (Helfrich et al., 2016), and we postulate that application of TACS to modify the relative timing of theta oscillations and gamma activity could potentially modulate WM performance.

We identified a greater improvement in WM performance following application of theta TACS than anodal TDCS in a within-subject crossover design study, in which the marked effect of practice of the task was eliminated. Our findings support further investigation of TACS to improve WM performance. Because TACS provides the possibility of directly manipulating known oscillatory neural correlates of WM processing, namely frontal-parietal synchrony in the theta frequency range (Sarnthein et al., 1998; Polanía et al., 2012; Sweeney-Reed et al., 2012, 2014), it enables a hypothesis-driven approach to enhancing WM performance. Application of a higher current density, more focal stimulation with other electrode constellations, and employment of individualized stimulation frequencies have the potential of increasing the effect size.
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